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a b s t r a c t

The introduction of metal-on-metal total disc replacements motivated studies to evaluate the effects of
cobalt-chromium (CoCr) nanoparticles on cells of the dura mater. Porcine fibroblasts and epithelial cells
isolated from the dura mater were cultured with clinically-relevant CoCr nanoparticles and the ions,
generated by the particles over 24 h, at doses up to 121 mm3per cell. Cell viability and production of
proinflammatory cytokines was assessed over 4 days. The capacity of the particles to induce oxidative
stress in the cells was evaluated at 24 h. The CoCr particles and their ions significantly reduced the
viability of the dural epithelial cells in a dose-dependent manner but not the fibroblasts. Both cell
types secreted IL-8 in response to particle exposure at doses of 60.5 mm3 (epithelial cells) and 121 mm3

(fibroblasts, epithelial cells) per cell. No significant release of IL-6 was observed in both cell types at any
dose. Reactive oxygen species were induced in both cell types at 50 mm3 per cell after 24 h exposure. The
data suggested novel differences in the resistance of the dural epithelial cells and fibroblasts to CoCr
nanoparticle/ion toxicity and demonstrated the inflammatory potential of the particles. The data con-
tributes to a greater understanding of the potential biological consequences of the use of metal-on-metal
total disc prostheses.

� 2013 Elsevier Ltd. Open access under CC BY-NC-ND license.
1. Introduction

Degeneration of the intervertebral discs may lead in some
individuals to a painful and disabling condition [1]. First line
treatment generally includes non-invasive approaches such as
rest, physiotherapy and analgesics. Patients are subjected to
operative procedures when they do not respond to conservative
treatment. A surgical procedure such as arthrodesis (spinal
fusion) [2] is employed, however, its limitations include
increased mechanical load at the adjacent and non-adjacent
vertebrae and decrease in spine mobility that can lead to adja-
cent vertebrae degeneration [3]. For these reasons European
surgical specialists on total hip and knee joint replacements
started to experiment with total replacement of lumbar discs
two decades ago, but the early operations led to some serious
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complications such as slippage of the artificial disc forward
causing compression and damage to the aorta and the vena cava.
It took nearly a decade for new designs to be developed and
approved by the U.S. Food and Drug Administration following
which more than 20,000 procedures were performed worldwide
with more than 3000 in the United States alone [4]. This
improved procedure of total disc replacement (TDR) has been
developed with the objective of providing relief from pain
and restoring motion between degenerated vertebrae [5]. New
generation of artificial discs developed for TDR have gained
increased popularity and preliminary studies have shown
promising results [6,7]. Such prosthetic discs have the advantage
of motion preservation and alleviation of adjacent segment
degeneration [8]. The materials used in TDR have been adopted
from experience in total hip arthroplasty. The two major types of
TDR are the metal-on-polyethylene and metal-on-metal (MoM)
implants [9]. The most extensively clinically utilised, studied and
tested metal-on-polyethylene artificial discs are the Prodisc and
the SB Charité total discs. The Flexicore and the Maverick total
discs are two types of MoM artificial discs that can be used in
TDR surgery [10].
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However, there is currently very limited data (only case reports)
available on the effectiveness and complications associated with
spinal arthroplasty with virtually no long-term studies on the
evaluation of the durability and sequelae of TDR surgeries. Case
reports such as Berry et al. 2010 [11], Guyer et al. 2011 [12] and
Cabraja et al. [13] revealed that MoM TDR can lead to the formation
of granulomatous tissue with significant level of metalosis that can
occlude or dislocate the surrounding arteries and veins and also
cause spinal stenosis through infiltration of the spinal canal. This is
of particular concern for MoM TDR, given the potential for toxicity
of metal wear particles and the proximity to the spinal cord.

It is well established that prosthetic metal wear particles are in
the nanometre size range [14,15]. The wear particles from simula-
tors are of mean size smaller than 50 nm with round and irregular
morphology [15] and similarly the mean size of the wear particles
retrieved from periprosthetic tissues is also less than 50 nm (range:
6e834 nm) with round to oval shape and irregular boundaries [14].
These nanometre sized particles may disseminate to systemic re-
gions away from the implant site such as local or distant lymph
nodes, bone marrow, liver and spleen [16]. Significantly higher
levels of cobalt and chromium ions have been reported in the
serum of patients with MoM hips than those without [17] and this
is a cause for concern as this may present a potential risk of car-
cinogenicity in humans and is directly associated with soft tissue
changes [18]. Metal wear debris also has the capacity to induce host
hypersensitivity [19,20]. Papageorgiou et al. [21], described the
cytotoxic and genotoxic effects of CoCr nanoparticles on human
fibroblasts in vitro. It has also been shown recently that CoCr
nanoparticles and ions can cause DNA damage in cultured human
fibroblasts even across cellular barriers [22] but this study had
received considerable criticism [23].

There is an increasing concern regarding the development of
periprosthetic soft tissue reactions in patients with some designs of
MoM surface hip replacements [24]. These reports are beginning to
raise questions about the long-term clinical implications of such
pathologic observations associated with MoM prostheses, which
are yet unknown. Similar cases have been presented in association
with MoM TDR. Zeh et al. [25] examined 10 patients with Maverick
lumbar disc replacements for an average of 5.6 years and reported
the presence of CoCr ions in the serum. Cavanaugh et al. [26]
published a case study in which a patient developed a delayed
immune reaction to a MoM cervical artificial disc 9 months after
surgery. In a recent case study, Berry et al. [11] were the first to
report the formation of a large granuloma in a patient in response
to metallic wear particles generated by a lumbar Maverick disc
implantation. Moreover, Guyer et al. [12] presented a case study
wherein four patients receiving MoM TDR developed peri-
prosthetic necrosis and lymphocytic reactions resulting in failure of
the TDR surgery. In one case report by Cabraja et al. [13], growth of
this granulomatous tissue continued even after stabilization and
reduction of the total disc arthroplasty device motion and so the
clinicians were forced to remov the implant altogether.

It is possible that the wear particles produced in MoM TDRs can
potentially interact with the dura mater (meninges). It is therefore
imperative to determine the biological effects of these particles on
the cells of the dura mater. The aim of this study was to investigate
the biological effects of clinically relevant nanometre-sized CoCr
wear particles on porcine dural cells extracted from the meninges
that surround the spinal cord and are present in the immediate
vicinity of artificial intervertebral discs implanted during TDR sur-
gery. Porcine dural fibroblasts and epithelial cells were isolated and
cultured with CoCr nanoparticles and the ions generated by the
CoCr nanoparticles over 24 h at varying volumetric concentrations.
Cellular responses were assessed using assays of cell viability,
cytokine release and oxidative stress.
2. Materials and methods

2.1. Cobalt-chromium nanoparticle preparation and characterisation of size and
sedimentation potential

Particles were generated in a 6 station pin-on-plate tribometer withwater as the
lubricant under a force of 80 N for 40 h. The pins and plates were manufactured from
medical gradewrought CoCr alloy ASTM F1537 with smooth counterfaces (Ra: 0.01e
0.02 mm). Wear particles were sterilised at 180 �C for 4 h and their mass determined
by gravimetric analysis. The particles were then suspended in sterile water to yield
a stock concentration of 1 mg$ml�1. A sample of the particle suspensionwas filtered
through 0.015 mm polycarbonate filter membranes (Millipore Limited, UK). The
isolated particles were characterized using field emission gun scanning electron
microscopy (FEGSEM; FEI, The Netherlands) and Image Pro-Plus� imaging software.
A total of 100 particles per image were analysed for 3 images.

In order to assess the particle sedimentation potential, CoCr-particle suspen-
sions were prepared in dH2O, DMEM (10% foetal bovine serum) and M199 medium
(20% foetal bovine serum) (dural fibroablast and epithelial cell culture media). The
particles were sonicated in a sonicating water bath (Grant Instruments Limited, UK)
for 10 min and then the absorbance was measured at 204 nm over 2 s intervals for
a period of 6 h using a M359 spectrophotometer (CamSpec, UK). The A/A0 (A:
Absorbance at time point; A0: Absorbance at time ¼ 0) was calculated for each time
point and then plotted on a graph.

2.2. Ion release from the cobalt-chromium alloy nanoparticles

In order to measure the cobalt (Co), chromium (Cr) and molybdenum (Mo) ion
concentrations that were released from the CoCr alloy nanoparticles over a period of
time, two sets of clinically relevant particle suspensions were prepared at doses
equivalent to 62, 6.2, 0.62, 0.062 mg$ml�1 in culture medium. One set of the particle
doses was incubated at 37 �C in 5% (v/v) CO2 in air for 1 day and the other set was
incubated under the same conditions for 5 days. After incubation, the particle sus-
pensions were centrifuged for 20min at 3000 g and the supernatants containing the
ions released from the particles were analysed. The Co and Cr ion levels in the su-
pernatants were measured by graphite furnace atomic absorption spectroscopy
whereas the Mo ion levels were measured by inductively coupled plasma mass
spectroscopy.

2.3. Extraction of the dura mater

A UK Home Office protocol was employed to humanely sacrifice a female pig
(65 kg) at the University of Leeds farm, which was then immediately transferred to
the dissection table within fewminutes of death. The skin covering the dorsal region
was disinfected by swabbing with iodine solution and approximately 7e8 vertebrae
from the thorax (T2eT10) were aseptically extracted. Following this, the intact
extracted region of the vertebral column was transferred to the tissue culture lab-
oratory under sterile conditions for further aseptic dissection. The dissected spinal
cord with the attachedmeninges was then completely immersed in an antimicrobial
solution (200 ml) containing Nystatin (100 U.ml�1; SigmaeAldrich, UK) and Gen-
tamicin (50 ng$ml�1; SigmaeAldrich, UK) in phosphate buffered saline (PBS;
SigmaeAldrich, UK) for 1 h at room temperature.

2.4. Cell isolation and culture

Samples of the fresh porcine dural membrane were dissected into w1 cm2

sections and then seeded in a 6-well culture plate (Fisher Scientific, UK). The tissue
sections were cultured in M-199 medium (Lonza Biopharmaceuticals, UK) supple-
mented with 20% (v/v) foetal bovine serum (FBS; Lonza Biopharmaceuticals, UK),
penicillin-streptomycin (50 U.ml�1; Lonza Biopharmaceuticals, UK), L-glutamine
(2 mM; Lonza Biopharmaceuticals, UK), sodium pyruvate (0.1 mg$ml�1; Sigmae
Aldrich, UK), heparin (1 U.ml�1; LEO Laboratories Limited, UK) and endothelial
growth factor (0.015 mg$ml�1; SigmaeAldrich, UK). The cells were allowed to out-
grow for 7 days and culture expanded in supplemented M-199 medium by har-
vesting and transfers to 75 cm2 culture flasks (Fisher Scientific, UK).

2.5. Separation of dural fibroblasts and epithelial cells

The cells were harvested after 7 days of growth using trypsin/EDTA (Lonza
Biopharmaceuticals, UK) and centrifuged (200 g) and re-suspended in PBS supple-
mented with 0.1% (w/v) bovine serum albumin (BSA; SigmaeAldrich, UK). The
resulting cell suspension was centrifuged and re-suspended in PBS/BSA at a density
of 2 � 106 cells$ml�1. The cells were separated using CD31 labelled magnetic
Dynabeads� (endothelial cell-specific antibody, Invitrogen, UK). The Dynabeads
(25 ml$ml�1) were incubated with the cell suspension at 2e8 �C with moderate
rotation for 1 h, placed on a magnet (Invitrogen, UK) for 3 min. The flow-through
was collected and the cells bound to the column were washed in PBS/BSA. This
process was repeated twice. The unbound cells were also subjected to 3 steps of
magnetic separation. The bound epithelial cells were collected by centrifugation
(200 g) and re-suspended in supplemented M-199 medium while the unbound
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fibroblasts were centrifuged (200 g) and re-suspended in supplemented Dulbecco’s
modified Eagle’s medium (DMEM; Lonza Biopharmaceuticals, UK). Both cell types
were seeded and expanded in 75 cm2 culture flasks for 7 days and subjected to
magnetic bead separation for a second time. Both the fibroblasts and the epithelial
cells were maintained at 37 �C in 5% (v/v) CO2 in air, trypsinised with trypsin/EDTA
and subsequently passaged upon reaching 60e70% confluence.

2.6. Cell phenotyping

Porcine dural fibroblasts and epithelial cells were characterised by indirect
immunofluorescence using primary antibodies against vimentin (mouse mono-
clonal, IgG2a; 1 : 100 dilution; Leica Biosystems, UK), tenascin (mouse monoclonal,
TN2, IgG1k, 1 : 200 dilution; Novocastra Laboratories, UK), fibronectin (rabbit pol-
yclonal, rabbit immunoglobulin fraction; 1 : 100 dilution; DakoCytomation, UK),
actin a-smooth muscle (mouse monoclonal, 1A4, IgG2a; 1 : 200 dilution; Sigmae
Aldrich, UK), collagen I (mouse monoclonal, 5D8-G9, IgG1k; 1 : 25 dilution; Milli-
pore Limited, UK), collagen III (mouse monoclonal, IgG1; 1 : 25 dilution; Chemicon,
UK), human CD31 (mouse monoclonal, 9G11, IgG1; 1 : 20 dilution; R & D systems,
UK), desmoplakin I/II (mouse monoclonal, 2Q400, IgG1; 1 : 50 dilution; Abcam PLC,
UK), E-cadherin (mouse monoclonal, 36B5, IgG1; 1 : 25 dilution; Vector Labora-
tories, UK), glucose transporter 1 (rabbit polyclonal, IgG; 1 : 50 dilution; Abcam PLC,
UK), von Willebrand factor (rabbit anti-human polyclonal, rabbit immunoglobulin
fraction; 1 : 100 dilution; DakoCytomation, UK), human fibroblasts/epithelial cells
(mouse monoclonal, D7-FIB, IgG2a; 1 : 100 dilution; AbD Serotec, UK), porcine
endothelial cells (mouse monoclonal, MIL11, IgE; 1 : 100 dilution; AbD Serotec, UK),
desmin (mouse monoclonal, DE-R-11, IgG1; 1 : 200 dilution; Vector Laboratories,
UK), smoothelin (mouse monoclonal, IgG1; 1 : 100 dilution; Millipore Limited, UK)
and smooth muscle myosin heavy chain (mouse monoclonal, N1/5, IgG1; 1 : 100
dilution; Chemicon, UK).

Fluorescein isothiocyanate (FITC) labelled goat anti-mouse (1 : 500 dilution;
Invitrogen, UK) and goat anti-rabbit (1 : 500 dilution; Invitrogen, UK) were used as
secondary antibodies. Mouse IgG2a (1 : 500 dilution; DakoCytomation, UK) and
rabbit anti-human immunoglobulin factor (1 : 500 dilution; DakoCytomation, UK)
were used as antibody isotype controls. Antibodies were diluted in tris buffered
saline (TBS; 0.15 M NaCl, 0.05 M tris, pH 7.6). Cells at a density of 4 � 104 cells ml�1

were applied (50 ml) to multispot slides (MP Biomedicals, UK) and incubated at 37 �C
in 5% (v/v) CO2 in air for 48 h. The slides were immersed in Dulbecco’s phosphate
buffer solution (DPBS) for 2 min and the cells fixed in ice-cold methanol : acetone
(1 : 1; Genta Medical, UK) for 2 min, air dried for 30 min and rehydrated with dis-
tilled water for 2 min. The cells were treated with 0.05% (w/v) saponin (Sigmae
Aldrich, UK) in TBS for 5 min. The cells were incubated with primary antibodies
and isotype controls for 1 h at room temperature, washed in TBS-tween (TBS-T;
0.15 M NaCl, 0.05 M tris pH 7.6, 0.1% (v/v) Tween�-20 (SigmaeAldrich, UK)) and
then with TBS twice (5 min each). Cells were incubated with secondary antibodies
for 30 min at room temperature, washed with TBS-T and TBS and counter stained
with Hoechst dye (SigmaeAldrich, UK) for 10 min, all in the dark. The slides were
finally washed with TBS and distilled water (5 min each) and mounted in 1 : 9 (v/v)
dabco : glycerol (SigmaeAldrich, UK). The cells were viewed using a fluorescence
microscope (BX51; Olympus, UK) and images were captured with a digital camera
(XC50; Olympus, UK) and cell

ˇ

B image processing software (Olympus, UK).

2.7. Treatment of cells with cobalt-chromium nanoparticles

The stock suspension of the CoCr nanoparticles (100 ml; 1 mg ml�1) was diluted
in appropriate culture medium (4.2 ml) to achieve a particle volume of 60.5 mm3 per
Fig. 1. FEGSEM images of isolated CoCr nanoparticles. (A) and (B) CoCr nanoparticles were g
and subsequently isolated by filtration onto a 0.015 mm polycarbonate filter membrane. Im
120002� magnification. The particles visualised were round, oval or irregular in morpholo
cell and subsequently 6.05 mm3, 0.6 mm3 and 0.06 mm3 per cell by means of serial
dilution. The highest dose of 121 mm3 per cell was prepared by adding 200 ml of the
particles stock to 4.2 ml of culture medium (47.6 mg ml�1). The particles were son-
icated in an ultrasonicator bath (Grant Instruments Limited, UK) for 10 min
immediately before use. Cells were seeded into wells of 96-well flat bottomed plates
(Fisher Scientific, UK) at a density of 5 � 103 cells per well (100 ml) and allowed to
adhere for 3 h. The prepared particles were added (100 ml) and the cells incubated at
37 �C in 5% (v/v) CO2 in air. Six replicates for each dose of CoCr nanoparticles were
used in all experiments.

2.8. Treatment of cells with ions released from cobalt-chromium nanoparticles

In order to study the effect of metal ions that were released from the CoCr
nanoparticles, the same particle concentrations as described above were prepared
(47.6, 23.8, 2.38, 0.238 and 0.0238 mg$ml�1). After 24 h incubation of the particles in
culture medium at 37 �C in 5% (v/v) CO2 in air, the particle suspensions were cen-
trifuged for 20min at 3000 g and the supernatants containing the ions released from
the particles were collected and stored at �20 �C until needed.

2.9. Determination of the effects of cobalt-chromium nanoparticles and their
released ions on cell viability

The effect of the particles on the viability of the porcine fibroblasts and epithelial
cells was evaluated using the adenosine triphosphate-lite� (ATP-lite�; PerkinElmer
Life Sciences, UK) assay kit according to the manufacturer’s instructions. The cells
were exposed to CoCr nanoparticles at volumes of 121 mm3, 60.5 mm3, 6.05 mm3,
0.6 mm3 and 0.06 mm3 per cell. The cells were also exposed to metal ions released
over a period of 24 h incubation from the particle concentrations by adding the
conditioned medium produced as described above. ATP levels were determined at
24 h intervals over a period of 4 days. Cells only were used as a negative control and
camptothecin (2 mg$ml�1; SigmaeAldrich, UK) was used as a positive control. The
luminescence of ATP was measured in counts per second (CPS) using the Topcount�

microplate scintillation and luminescence counter (Packard Bioscience, UK).

2.10. Determination of the effects of cobalt-chromium nanoparticles on cytokine
secretion

The porcine dural fibroblasts and epithelial cells were cultured with CoCr
nanoparticles at a range of volumes (121 mm3e0.06 mm3 per cell). Culture super-
natants were harvested at 24 h intervals over a period of 4 days and stored at�20 �C
until assayed. Cells only were used as a negative control and lipopolysaccharide
(LPS; 2 mg$ml�1; SigmaeAldrich, UK) was used as a positive control. The levels of IL-
6 and IL-8 produced by the cells were evaluated using commercial sandwich
enzyme-linked immunosorbent assay (ELISA) kits (R & D systems, UK) following the
manufacturer’s instructions. Results are presented as the specific activity which is
the concentration of cytokine (in pg$ml�1) divided by the CPS determined by the
ATP-lite� assay.

2.11. Determination of the effects of cobalt-chromium nanoparticles on intra-cellular
oxidative stress

Porcine dural fibroblasts and epithelial cells were cultured on multispot slides
(8-spot; MP Biomedicals, UK) with CoCr nanoparticles at a particle volume of 50 mm3

per cell. Cells only as well as particles only were used as negative controls. Oxidative
stress was assessed using 5 - (and - 6) - carboxy - 20 , 70- dichlorodihydrofluorescein
enerated using a 6-station pin-on-plate tribometer with distilled water as the lubricant
ages of the particles were obtained by field emission scanning electron microscopy at
gy.
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diacetate (carboxy-H2DCFDA; Invitrogen, UK) after a 24 h exposure of the cells to the
particles. Intra-cellular reactive oxygen species (ROS) levels were detected by fluo-
rescencemicroscopy and cell

ˇ

B image acquisition program using the Image-iT� LIVE
Green Reactive Oxygen Species Detection Kit (Invitrogen, UK). Intra-cellular ROS
levels were estimated by segregating the fluorescence intensity of 100 individual
cells into four categories which were no fluorescence, weak fluorescence, strong
fluorescence and very strong fluorescence. The procedure was carried out in
duplicate (2 spots) in accordance with the protocol supplied by the manufacturer.

2.12. Statistical analysis

Data is presented as the mean � 95% confidence limits. Data was analysed by
one-way analysis of variance (ANOVA) and individual differences between group
means were determined using the post-hoc T-method to calculate the minimum
significant difference (MSD; p < 0.05).
3. Results

3.1. Characterisation of cobalt-chromium nanoparticles

The CoCr wear particles were generated using a 6-station pin-
on-plate tribometer and isolated by filtration onto a 0.015 mm
polycarbonate filter membrane. Images of the particles were
obtained using FEGSEM. The CoCr nanoparticles had formed ag-
gregates and appeared mostly round, oval or irregular shaped in
morphology (Fig. 1). The nanoparticles had a mode size of 40e
49 nm although a high frequency of particles in the size range of
30e39 nm and 50e59 nm was also observed (Fig. 2A). The mode
area of the nanoparticles was found to be 50e59 nm (Fig. 2B).

The sedimentation rate of CoCr nanoparticles in dH2O increased
as the particle concentration increased. However, after 4e5 h the
majority of the particles at all 3 doses (0.05, 0.5 and 1mg$ml�1) had
already fully sedimented (Fig. 3A). At a nanoparticle concentration
of 0.5 mg ml�1, the sedimentation rate of the particles in both
media (DMEM and M199) was similar to that observed in dH2O
(Fig. 3B). However, for the two culture media, particles sedimented
at a slower rate in M199 medium compared to DMEM. The only
Fig. 2. Size and area frequency of CoCr nanoparticles. The size (A) and area (B) distribution o
Plus imaging software. The mean size and area if the particles was 40e49 nm and 50e59
difference between the two complete media types was the differ-
ence in FBS content .i.e. and 10% (v/v) in DMEM and 20% (v/v) in
m199medium. At around 6 h the majority of the particles for both
types of media had fully sedimented as seen in Fig. 3B.

3.2. Ion release from cobalt-chromium alloy nanoparticles

The concentration of Co, Cr and Mo ions released by the particle
suspensions after both 1 and 5 days of incubation in culture me-
dium is shown in Table 1. At 1 day of incubation there was a release
of Co, Cr and Mo ions from all particle concentrations, but the
amount of ions released was in the ng per ml scale even at the
highest particle concentration of 62 mg$ml�1 (Co:368, Cr:433 and
Mo: 291 ngml�1). The concentration of metal ions released at 1 and
5 days also differed. The Co and Mo ion release from the 62 and
6.2 mg per ml particle solutions at 5 days had decreased by
approximately 11% in comparisonwith the corresponding solutions
incubated for 1 day. However, there was a decrease of approx-
imately 33% in Cr concentrations in the 62 and 6.2 mg perml particle
solutions incubated for 5 days in comparison with the corre-
sponding particle solutions incubated for 1 day. For this reason,
incubation of the particles in medium for 1 day was chosen to
assess the biological effects of the metal ions released from the
CoCr nanoparticles.

3.3. Characterisation of dural meningeal cell lines

The outgrowth of cells from the porcine dural tissue explants
after 7 days exhibited a mixture of fibroblasts and epithelial cells.
After subjecting the cells to magnetic bead separation, they were
distinctly separated into fibroblast and epithelial cell morphologies
(images not shown).

A wide range of different antibodies was employed to exten-
sively phenotype the two cell types (Table 2). Both dural fibroblasts
and epithelial cells were stained positive for vimentin (Fig. 4),
f the CoCr nanoparticles was calculated from the FEGSEM images using the Image pro-
nm respectively; 100 particles were measured using 3 replicate sample images.



Table 2
Characterisation of porcine dural fibroblasts and epithelial cells as determined by
expression of specific proteins using indirect immunofluorescence labelling.
Primary smooth muscle cells were used as the positive control for contamination by
smooth muscle cells. (þve: Positive signal, ve: No signal, —:Not tested).

Antibody target Dural
fibroblasts

Dural
epithelial
cells

Primary
smooth muscle
cells

Vimentin þve þve ———

Tenascin þve þve ———

Fibronectin þve þve ———

Actin þve þve þve
Collagen I þve þve ———

Collagen III þve þve ———

von Willebrand factor -ve þve -ve
CD31 -ve þve -ve
E-cadherin -ve þve ———

Desmoplakin -ve þve -ve
GLUT1 þve þve þve
Human fibroblasts/epithelial cells -ve -ve ———

Porcine endothelial cells -ve -ve -ve
Desmin -ve -ve þve
Smoothelin -ve -ve þve
Smooth muscle myosin heavy chain -ve -ve þve

Fig. 3. Sedimentation curves for CoCr nanoparticles over a period of 6 h. (A) The
sedimentation rate of 3 different concentrations of nanoparticles in dH2O was
assessed. (B) The sedimentation rate of 1 mg ml�1 nanoparticles in 3 different media:
dH2O, DMEM and M199 was measured. In each case the absorption value at each time
point (A) was divided by the absorption value at time ¼ 0 (A0) and plotted against time.
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tenascin, fibronectin, actin and collagen I and III. By contrast, only
the epithelial cells were stained positively for vonWillebrand factor
(Fig. 5) and CD31 and hence they demonstrated typical endothelial
cell-like characteristics. In addition, von Willebrand factor was
found to be localised within the cytoplasm while CD31 was con-
fined towards the periphery of the cells (cell membrane), giving
them a mosaic appearance at 100� magnification. The epithelial
cells, unlike the fibroblasts, also stained positive for E-cadherin.

The dural fibroblasts and epithelial cells were also tested for the
expression of desmoplakin I/II and glucose transporter 1 (GLUT1) to
determine any possibility of barrier formation. Both cell types were
shown to express GLUT1 but only the epithelial cells stained pos-
itive for desmoplakin I/II, particularly in highly confluent regions.
Table 1
Mean concentration of cobalt, chromium and molybdenum ions release in medium
after incubation for 1 and 5 days. All particle suspensions were prepared in dupli-
cate. Cobalt and chromium levels were measured by graphite furnace atomic ab-
sorption spectroscopy and the molybdenum levels were assessed by inductively
coupled plasma mass spectroscopy. The ion concentrations released into solution
are expressed in ng ml�1.

Incubation
period (days)

1 5

Co Cr Mo Co Cr Mo

Particle
suspensions
used
(mg$ml�1)

62 368 433 291 324 292 263
6.2 51 61 34 45 40 30
0.62 7.5 15 5.2 6.5 5.6 5.5
0.062 1.0 8.3 2.7 0.8 1.0 1.4
Finally, both dural fibroblasts and epithelial cells were treated with
antibodies against desmin, smoothelin and smooth muscle myosin
heavy chain to confirm the absence of any contamination from
smooth muscle cells. Neither the fibroblasts nor the epithelial
displayed expression of any of the smooth cell specific markers
(Table 2). However, smooth muscle cells stained positively using
these antibodies thereby demonstrating their specificity.

3.4. Effects of cobalt-chromium nanoparticles and their released
metal ions on the viability of dural fibroblasts and epithelial cells

The porcine dural fibroblasts (Fig. 6A) and epithelial cells
(Fig. 6B) were cultured with CoCr nanoparticles at volumes of
121 mm3, 60.5 mm3, 6.05 mm3, 0.6 mm3 and 0.06 mm3 per cell.
Additionally, the porcine dural fibroblasts (Fig. 6C) and epithelial
cells (Fig. 6D) were cultured with media containing metal ions
released from the CoCr nanoparticles over a period of 24 h incu-
bation. The effects of the particles and ions on the cells were
evaluated separately using the ATP-lite� assay over a period of 4
days. As shown in Fig. 6A, the CoCr nanoparticles had no effect on
the viability of the dural fibroblasts as compared to the cells only
negative control. In contrast, the CoCr nanoparticles caused a dose-
dependent decrease in the intra-cellular ATP levels of the epithelial
cells as compared to the cells only negative control (Fig. 6B). A
significant reduction in cell viability (p< 0.05) was observed for the
cells cultured with particle volumes of 6.05 mm3, 60.5 mm3 and
121 mm3 per cell. This effect was evident on day 1 of culture and
persisted until day 4.

Similar effects on cell viability were observed when the cells
were treated with metal ions released from the metal particles. As
shown in Fig. 6C, the metal ions had no significant effect on the
viability of the dural fibroblasts. However, the metal ions caused
a significant decrease in cell viability (p < 0.05) of the epithelial
cells at the highest dose (121 mm3 per cell, 47.6 mg$ml�1) and this
was evident on day 3 and 4.

3.5. Induction of proinflammatory cytokines by cobalt-chromium
nanoparticles

The culture supernatants of particle-treated cells were obtained
and analysed for proinflammatory cytokine (IL-6 & IL-8) secretion
over a period of 4 days. The CoCr nanoparticles failed to stimulate



Fig. 4. Fluorescence microscopy images of porcine dural fibroblasts and dural epithelial cells treated with primary antibody to vimentin and isotype control. Fibroblasts (A, B) and
epithelial cells (C, D) were subjected to immunofluorescence analysis and images obtained by fluorescence microscopy at 400� magnification. (A, C) Both cell types were stained
positive for vimentin (green) using mouse monoclonal primary antibody. (B, D) No staining of vimentin was observed when the cells were treated with mouse IgG2a (isotype). The
nuclei of the cells appeared blue as a result of counterstaining with the Hoechst stain.
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IL-8 secretion by the fibroblasts at doses up to 60.5 mm3 per cell
(Fig. 7A). For the epithelial cells, no significant increase in the
production of IL-8 was detected below a dose of 6.05 mm3 per cell at
all time points (Fig. 7B). However, a significant increase in IL-8
production (p < 0.05) was observed when the cells were cultured
with the CoCr nanoparticles at higher doses of 60.5 mm3 and
121 mm3 per cell (Fig. 7B). These effects were observed on day 1
through day 4 of culture. Neither the fibroblasts nor the epithelial
cells secreted IL-6 in response to the CoCr nanoparticles or LPS
(data not shown).
3.6. Induction of intra-cellular oxidative stress by cobalt-chromium
nanoparticles

The induction of oxidative stress in the dural fibroblasts and
epithelial cells was determined following exposure of the cells to
CoCr nanoparticles at a volume of 50 mm3 per cell. Intra-cellular
ROS levels were detected after 24 h using carboxy-H2DCFDA.
Increased levels of intra-cellular ROS were observed in the fibro-
blasts cultured with CoCr nanoparticles when compared to the
cells only negative control (Fig. 8A,B&C). Upon evaluation of the
fluorescence intensity from 100 individual cells, 50% of the
particle-treated cells were shown to have emitted very strong
fluorescence while 40% of the cells exhibited a relatively strong
signal and approximately 10% of the particle-exposed cells dis-
played weak fluorescence (Table 3). On the other hand, 72% of the
untreated cells exhibited no fluorescence signal whereas 23%
emitted a relatively weak signal and 5% of the cells showed strong
fluorescence (Table 3). A similar effect was observed with
epithelial cells in which intra-cellular ROS levels were also higher
in comparison to the cells only negative control (Fig. 8D,E&F).
Upon evaluation of the fluorescence intensity from 100 individual
cells, 62% of the particle-treated cells were shown to have emitted
very strong fluorescence while 25% of the cells exhibited a rela-
tively strong signal and approximately 13% of the particle-exposed
cells displayed weak fluorescence (Table 3). For the untreated cells,
64% exhibited no fluorescence signal whereas 28% emitted a rela-
tively weak signal and 8% of the cells showed strong fluorescence
(Table 3). Also, the particles only (negative control) were not able
to induce by themselves any ROS-related signal (images were not
shown).
4. Discussion

Total hip arthroplasty was originally conceived by Sir John
Charnley as a procedure for elderly patients with low activity levels
[27]. However, the indications and projections for joint arthroplasty
have expanded to include both younger (less than 65 years old) and
more active patients [28]. These higher-demand patients have ex-
pectations and intentions to return to prior activity levels that
challenge surgical techniques and implant design technology [29].
This lead to an increased requirement for the implantation of or-
thopaedic metal-on-metal hip prostheses in younger individuals
which has raised substantial concerns about their long term po-
tential risks (adverse soft tissue reactions, high blood metal ions)
and health implications [30]. The use of MoM prostheses in TDR
relies on the same basic principles and materials involved in the
development of similar implants for total hip replacements.



Fig. 5. Fluorescence microscopy images of porcine dural fibroblasts and dural epithelial cells treated with primary antibody to von Willebrand factor and isotype control. Fi-
broblasts (A, B) and epithelial cells (C, D) were subjected to immunofluorescence analysis and images obtained by fluorescence microscopy at 400� magnification. Epithelial cells
(A) were stained positive (bright green) whereas fibroblasts (B) appeared negative (absence of bright green staining) for von Willebrand factor using rabbit polyclonal primary
antibody. (C, D) No staining of von Willebrand factor was observed when the cells were treated with rabbit immunoglobulin factor (isotype). The nuclei of the cells appeared
blue as a result of counterstaining with the Hoechst stain.
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However, little attention has been paid to the adverse biological
effects of intervertebral disc prostheses. There is therefore, a dearth
of information on the biological reactivity of wear debris released
from spinal implants and hence much of the knowledge about
metal wear particles fromhip arthroplasty has been extrapolated to
the spinal arthroplasty environment. The aim of this in vitro study
was to investigate the potential biological effects of prosthetic CoCr
nanoparticles on porcine dural fibroblasts and epithelial cells that
form an integral part of the spinal meninges.

Characterisation of metal wear debris has more commonly been
associated with total joint replacement than TDR and hence there is
a lack of information about the analysis of particles originating from
TDRs that are either failed or acquired during a post-mortem.
However, particles generated from TDRs are likely to be similar in
size, shape and topographic characteristics to those generated from
total joint replacements due to similar articulating surfaces and
tribological interactions. In a review, Hallab [31]. has shown that
the wear rate (volume) and particle size in metal-on-metal bear-
ings is similar between TDR and total hip arthroplasties. The CoCr
wear particles used in this study were shown to have a size dis-
tribution of 10e119 nm with a mode size of 40e49 nm. These re-
sults are consistent with previous findings of nanoparticles
generated by metal-on-metal bearings [32,33]. The morphology of
the CoCr nanoparticles was either round, oval or irregular shaped
with the formation of aggregates. Sonication was employed for
short period of time (for 10 min) in order to break these nano-
particle aggregates and avoid re-agglomeration of the nano-
particles that can occur at longer duration of sonication (more than
30 min) [34]. The chance that re-agglomeration can occur after the
lapse of the sonication and during treatment of the cells [35,36] is
unavoidable and probably occurs during the in vivo production
and the dispersal of the CoCr nanoparticles to the surrounding
tissues.

Metal ions were released from these nanoparticles during in the
first 24 h of incubation in culture media. However, this ion release
did not increase as the incubation time progressed (after 5 days).
These results are consistent with a previous study by Papageorgiou
et al. [21], which demonstrated that Co and Cr ion release from CoCr
alloy micron size particles was maximum at 24 h incubation and
did not significantly increase at 48 h. The authors suggested that
this was due to a passive film formation that restricted any further
corrosion and ion release.

Sedimentation of the CoCr nanoparticles was concentration
dependant as well as dependent upon the medium. Sed-
imentation was faster at higher concentrations. This indicated
that the particle concentration affected the rate and degree of
agglomeration by enhancing the rate of direct particle to particle
association [37]. However, irrespective of the particle concentra-
tion the majority of the particles were fully sedimented prior
to 6 h time point.

Particles dispersed in high concentration FBS-medium (20%)
(M199) had a slower sedimentation rate compared to when dis-
persed in low concentration FBS-medium (10%) (DMEM). The col-
loidal stability of the CoCr nanoparticles increased as the
concentration of FBS increased. According to Allouni et al. [37],
protein adsorption to the surface of the particles plays a decisive
role in governing disposition. Albumin which is the dominant
protein in FBS, can bind to the surface of nanoparticles and thus
lead to stable colloidal dispersion of the nanoparticles possibly by
a steric stabilisation mechanism [38].



Fig. 6. Effects of CoCr nanoparticles and metal ions on viability of porcine dural fibroblasts and dural epithelial cells. Fibroblasts (A, C) and epithelial cells (B, D) were separately cultured with various volumes of CoCr nanoparticles (A, B)
and their released metal ions (C, D) for up to 4 days. Cells only were used as the negative control and camptothecin (2 mg ml�1) as the positive control for cell death. Cell viability was determined using the ATP-lite� assay at 24 h
intervals. Data is expressed as the mean (n ¼ 6) � 95% confidence limits. Cell viability data was analysed using one-way ANOVA test and MSD calculated using the T-test. A statistical decrease (p < 0.05) in cell viability compared to the
cells only control, at each time point, is indicated by an asterisk (*). The colour key indicates the following days: , day 0; , day 1; , day 2; , day 3; , day 4.
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The reason the pig was chosen as a model was due to the fact
that it shares anatomical and physiological characteristics to
humans [39]. Additionally, the pig immune system has been found
to closely resemble that of humans for more than 80% of parame-
ters examined and may therefore be used in the study of human
disease processes [40]. Also, the reason that primary cells were
used instead of established cell lines was due to the fact that cell
lines could lose some of their physiological as well as biochemical
characteristics as seen in many studies [41e43].

The porcine dural fibroblasts and epithelial cells used in this
studywere first characterised before investigating their response to
CoCr nanoparticles. This was accomplished by examining the
expression of specific markers in the two cells lines using indirect
immunofluorescence. Both the fibroblasts and the epithelial cells
were strongly stained for vimentin, which is an intermediate fila-
ment protein and is known to be expressed in cells of the mesen-
chymal origin [44]. The epithelial cells only, expressed E-cadherin,
which is involved in calcium dependent cellecell adhesion [45] and
desmoplakin I/II, which are abundant components of desmosomes
[46]. The dural epithelial cells were positively stained for desmo-
plakin I/II particularly in regions of high confluence, which further
supports their role in maintaining tight junction barriers in the
meninges [47] to avoid undesirable foreign invasion. Hence, the
dural epithelial cells predominantly exhibited typical epithelial
cell-like characteristics.

Additionally, both dural epithelial and fibroblast cells were
shown to ubiquitously express GLUT1, which is an integral mem-
brane protein that functions as a facilitative glucose transporter in
mammalian cells. This indicated that both cell types may have
utilised this transporter to meet their energy needs. GLUT1 has
been found to be expressed abundantly in fibroblasts and endo-
thelial cells and may also serve as a means of glucose transport
across the bloodebrain barrier [48]. Immunocytochemical analysis
also revealed that the dural epithelial cells uniquely stained posi-
tive for CD31 and von Willebrand factor, which are established
markers for endothelial cells [49]. Both the dural fibroblasts and
epithelial cells were also found to be free from smooth muscle
contamination as indicated by an absence of staining by antibodies
against desmin, smoothelin and smooth muscle myosin heavy
chain. Thus, both the cell types were successfully characterised and
distinguished, based on differences in their phenotypes.

CoCr nanoparticles have been found to be cytotoxic to wide
variety of cells including those present in the periprosthetic envi-
ronment [50]. Necrosis and abnormal soft tissue reactions called
pseudotumours have also been observed in periprosthetic tissues
associated with MoM prostheses [51]. The in vitro cytotoxic effects
of CoCr nanoparticles on periprosthetic dural cells have not been
previously investigated. Porcine dural fibroblasts and epithelial
cells were cultured with the particles for 4 days at volumes ranging
from 0.06 mm3 to 121 mm3 per cell. The CoCr nanoparticles were
shown to be cytotoxic to the dural epithelial cells in comparison to
the dural fibroblasts. The particles significantly reduced the via-
bility of the epithelial cells fromday 1 up to day 4 of culture at doses
of 6.05 mm3 and above. Conversely, there was no significant
reduction in the viability of the dural fibroblasts at all the particle
doses and time points studied. In their study, Papageorgiou et al.
[21] demonstrated that CoCr nanoparticles were cytotoxic to hu-
man dermal fibroblasts at doses as low as 5 mm3 per cell. However
in this study, no significant reduction in the viability of the porcine
dural fibroblasts was observed at particle doses up to 121 mm3 per
cell. This discrepancy may have been due to a difference in the
tissue of origin of the fibroblasts, an inter-species variation or due
to the particles being less biologically reactive. Moreover, the dif-
ference in toxicity of the CoCr nanoparticles for the two cell
types could not be explained by the fact that the nanoparticles



Fig. 8. Effects of CoCr nanoparticles on intra-cellular oxidative stress in porcine dural fibroblasts and dural epithelial cells. Particle-exposed fibroblasts (A, B, C) and epithelial cells
(D, E, F) were treated with carboxy-H2DCFDA and incubated at 37 �C for 25 min in the dark followed by counterstaining with the Hoechst stain for 5 min. Cells were washed thrice
with PBS and immediately visualised using fluorescence microscopy at 400� magnification. The resulting oxidative stress was measured by evaluating the fluorescence intensity in
100 individual cells. (A, B, D, E) Strong or very strong fluorescence staining observed in cells treated with CoCr nanoparticles at a volume of 50 mm3 per cell. (C, F) Relatively weak or
no staining observed in the cells only negative control at the same particle dose. Note: Images may not be representative of the entire cell population.
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agglomerated at different rates due to different protein content in
the media. The CoCr particles sedimented at a slower rate in M199
medium (epithelial cells medium) compared to DMEM (fibroblasts
medium), but both had fully sedimented by 6 h.

Similar to metal particles, the metal ions released from the CoCr
nanoparticles had no significant effect on the viability of the dural
fibroblasts. The metal ions significantly reduced the viability of the
epithelial cells at day 3 and 4 of culture only at the highest dose
(47.6 mg$ml�1 equivalent to 121 mm3 per cell). There were however
differences between the toxicity of CoCr nanoparticles and their
ions for dural epithelial cells. The CoCr particles caused a reduction
in cell viability at much lower volumetric doses (6.06, 60.6, 121 mm3

per cell) and starting at a much earlier time point (day 2) relative to
the metal ions (only at 47.6 mg$ml�1 equivalent to 121 mm3 per cell,
after day 3). These results suggested that extracellular ion release
alone was not the cause of all the toxicity of the CoCr nanoparticles.
This agreed with a study by Jiang et al. [52], who demonstrated that
the cytotoxic as well as clastogenic effects of Co nanoparticles were
much stronger than that of Co ions (equal concentrations).

Implant wear particles can stimulate chronic inflammatory and
foreign body reactionsmediated by proinflammatory cytokines and
chemokines such as IL-1, IL-6, IL-8 and tumour necrosis factor-alpha
(TNF-a) that can upregulate bone-resorbing osteoclasts [53,54],
which may ultimately facilitate implant loosening. In preliminary
tests, the dural-derived cells were treated with different cytokine-
inducers such as phorbol-myristate acetate (PMA), phytohaemag-
glutinin (PHA), LPS, cholera toxin, cisplatin and calcium ionophore
at different concentrations and at different combinations treat-
ments. No significant release of IL-1, TNF-a or IL-6 was observed at
manydifferent timepoints suggesting that these cell types could not



Table 3
Classification of intra-cellular ROS signals in porcine dural fibroblasts and epithelial
cells as an indicator of the extent of oxidative stress. Fluorescence intensity of in-
dividual cells was designated into four categories as shown. Intra-cellular ROS sig-
nals were evaluated after exposing the cells to CoCr nanoparticles for 24 h. Cells
without treatment were used as the negative control. A total of 100 individual cells
were counted and assigned various signal categories based on the observed intensity
of the oxidised carboxy-DCF fluorescence. The number of cells in different categories
is expressed in percentage.

Dural fibroblasts Dural epithelial cells

Cells
(with
CoCr)

Cells
(negative
control)

Cells
(with
CoCr)

Cells
(negative
control)

No signal (%) 0 72 0 64
Weak signal (%) 10 23 13 28
Strong signal (%) 40 5 25 8
Very strong signal (%) 50 0 62 0
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be stimulated to release these cytokines. However, the only cytokine
that was able to be induced was IL-8 (data not shown). IL-8 is an
important chemotactic cytokine that is known to act as a potent
attractant for neutrophils and lymphocytes [55]. Interestingly, IL-8
has also been found to play a pivotal role in the development of
a delayed-type hypersensitivity reaction [56]. Based on these find-
ings, it was thought prudent to investigate whether the dural fi-
broblasts and epithelial cells could act as a source of the pro-
inflammatory chemokine IL-8 when cultured with CoCr nano-
particles up to 4 days. Both the fibroblasts and the epithelial cells
were induced to secrete IL-8 upon treatment with the particles. The
particles significantly increased the production of IL-8 from the fi-
broblasts at the highest dose of 121 mm3 per cell at day 3 of culture
only while the epithelial cells were consistently induced to secrete
significantly higher levels of IL-8 at doses of 60.5 mm3 and 121 mm3

per cell after 1 day of culturewith the particles. IL-8 has been shown
to play a primary role in the early inflammatory response to CoCr
wear particles [57,58]. Furthermore, Park et al. [59] have reported
that an increase in oxidative stress can induce the up-regulation of
IL-8 gene expression in human bronchial epithelial cells.

Metal wear particles have also been reported to induce the
secretion of the proinflammatory cytokine IL-6 which can con-
tribute to the maturation and activation of osteoclasts form
osteoclast precursors, thereby leading to periprosthetic bone
resorption [53,57]. Hence, the secretion of IL-6 was also examined.
However, no significant release of IL-6 from the particle-exposed
cells could be detected. These results are in agreement with
a study by Papageorgiou et al. [21], where human skin fibroblasts
treated with CoCr nano- and micro-particles did not stimulate any
significant release of IL-6.

Increased oxidative stress has been observed in various cells
cultured with CoCr nanoparticles [60]. Therefore, to analyse the
potential of CoCr nanoparticles to generate ROS, both porcine dural
fibroblasts and epithelial cells were treated with the particles at
a dose of 50 mm3 per cell which was found to be to cytotoxic only to
the epithelial cells. CoCr nanoparticles were shown to have induced
the generation of ROS in both cell types irrespective of their bio-
logical response to particle-induced toxicity, in agreement with
previous findings [21]. Intriguingly, human endothelial cells have
been demonstrated to be more susceptible to oxygen toxicity than
fibroblasts, afforded by a lower content of anti-oxidant enzymes
[61]. This finding may help explain the observed higher suscepti-
bility of the dural epithelial cells to CoCr nanoparticle toxicity when
compared to the dural fibroblasts.

Further in vitro studies would be required to expand the current
knowledge about the biological effects of CoCr wear particles on
the cellular milieu of the dura mater. Porcine dural fibroblasts and
epithelial cells were shown to generate free radical species upon
culture with CoCr nanoparticles. Hence, culturing particle-treated
cells with oxygen radical scavengers [62] would help determine
whether production of particle-induced ROS is responsible for the
susceptibility of the dural epithelial cells to CoCr nanoparticle
toxicity and also if ROS mediate IL-8 production in particle-treated
cells. Secretion of IL-8 by dural cells in response to wear particles
has not been reported previously. It is therefore proposed that CoCr
nanoparticle-induced secretion of IL-8 by dural fibroblasts and
epithelial cells may be involved in the pathophysiology associated
withmetal wear particles. Hence, it will be important to investigate
the chemotactic activity of IL-8 secreted from particle-treated dural
cells.

There appears to be a growing consensus in the scientific
community that wear debris-mediated cytotoxicity, inflammatory
responses and adverse tissue reactions may limit the clinical per-
formance of orthopaedic metal implants. As such, prospective
randomised clinical studies will be required to confirm the clinical
relevance of the results obtained in this study. Study of explanted
metal disc surfaces obtained during revision surgery using estab-
lished techniques such as energy dispersive X-ray spectroscopy
(EDS) and scanning electron microscopy (SEM) [63] may help in
determining mechanisms of implant degradation. There has been
remarkable progress in research aimed at resolving the biological
effects of metal wear particles at the molecular and cellular levels.
However, much needs to be done to completely understand such
particle-initiated intricate biological mechanisms before any
effective therapeutic interventions can be developed and made
available in the clinical setting.

5. Conclusion

This study has demonstrated that porcine dural fibroblasts and
epithelial cells differ in their response to CoCr nanoparticles and
ions. Clinically relevant CoCr particulate wear debris at volumes of
6.05 mm3, 60.5 mm3 and 121 mm3 per cell was shown to have
significantly reduced the viability of the dural epithelial cells after
1 day of culture but not the dural fibroblasts. In addition, CoCr
nanoparticles induced the secretion of IL-8 from the fibroblasts at
a particle volume of 121 mm3 per cell and from the epithelial cells
at particle volumes of 60.5 mm3 and 121 mm3 per cell. Both cell
types were also induced to generate reactive oxygen species when
treated with the particles at a dose of 50 mm3 per cell for 24 h.
However, a difference in susceptibility of the two cell types to free
radical species may explain the difference in their response to
particle-induced toxicity. These findings may present an important
step forward in understanding the complex biological factors
involved in the adverse cellular responses to metal disc
prostheses.
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